Abstract
Introduction
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The transition from non-life to life occurred in the context of geochemical energy 3 9
derived from element-coupled transformation [1] [2] [3] . The chemistry of life is based on 3c).
4 0
As one of the products of Sammox, sulfide began to increase in the Hadean Duve's thioester world and the boom of S biochemistry. As a result, the S isotope even subsequent enzyme and redox protein active centers, such as ferredoxin 34 . This low concentration, we did not determine the dynamic generation of dinitrogen to 1 9 9 avoid leakage. There was weak but significant sulfate reduction in the sulfate-fueled nitrite also showed a slight increase during the ammonium oxidation process (Fig. 5d ).
0 2
The concentrations of sulfurous species and ammonium showed no significant fixation was thermodynamically favorable by Sammox.
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Notably, quite a few iron oxides could be abiotically reduced by sulfide 2 0 7 generated from Sammox in an iron-rich environment, then an illusion of ferric iron 2 0 8 reduction coupled to anaerobic ammonium oxidation (Feammox) arises [37] [38] [39] . Genomic and N, S, and C metabolic gene analyses
To elucidate the mechanisms of Sammox reaction in modern microorganisms,
we sequenced the genome of R. thioammoniphilus (Extended Data Data Fig. 4 ). There were denitrification genes in the R. thioammoniphilus genome,
including copper-containing nitrite reductase (nirK), nitric oxide reductase (norB),
and nitrous oxide reductase (nosZ) (Fig. 6a ). This result confirmed that nitrite was the pathway which is reduction of nitrite to dinitrogen (Eq. 5).
We did not find any other anaerobic ammonium oxidation-related functional
genes in the genome of R. thioammoniphilus (Fig. 6a) . Thus, the ammonium oxidation
in Sammox was different from that in complete ammonium oxidation (Comammox)
and anaerobic ammonium oxidation (Anammox) 26 .
3 2
Our main concern is how ammonium was oxidized by thiosulfate/sulfate into inherited from proto-anabolic networks. according to isotope geochemical evidence 22, 40, 41 . This is why sulfite reductase (citE, mdcC) were identified ( Fig. 6a ), which was a key indication for autotrophic the potential of R. thioammoniphilus for carbon fixation via the incomplete reductive
acetyl-CoA pathway and rTCA cycle. Final remarks: from metabolic innovation to evolution
This finding, Sammox powered the origin of life, provided strong evidence of
prebiotic Sammox-driven proto-anabolic networks and a Sammox microbe, R. iron-sulfur world 9,11 . Here, Fe-S minerals and/or metal alloy catalysis enhanced
product generation of Sammox rather than providing hydrogen for CO 2 reduction. The
Fe-S mineral surfaces, where transition metal ions, such as Ni
, or Se, are
catalytically active 48 , and also the very place facilitated Sammox-driven amnio acids ions may have been the evolutionary precursor of the enzymatic active center, when chelated by amnio acids, converted to biocatalysts 29, 34 . In this regard, our study could derived during Sammox reaction provided the energetic and catalytic framework of
Sammox, and feedback and feedforward to Sammox-driven proto-anabolic networks, the emergence of the primordial structure and function of the not free-living organic
precursor, a ligand sphere, held together by bonding to the surfaces of Fe-S minerals 3 3 1 (Fig. 3c) . The feedback coupling between the primordial metabolic networks and their 3 3 2 environment could shape the evolution of both 49 . As a self-regulating system, C, H, O, optimization of the ambient environment, making it stable and habitable for life. The first and foremost goal of primordial metabolic networks was to obtain sufficient 3 3 6
phosphorus. Sammox-driven sulfur biochemistry launched iron redox geochemistry; Our findings regarding Sammox-driven proto-anabolic networks suggested that The elements of the chemical components that supporting Sammox-driven Sci. 368, (2013). field. Science 307, 1428-1434 (2005) . 1887-1925 (2007) .
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) was determined by ICP-OES. Plant available sulfur (29.1 mg 4 7 6 kg -1 ) was determined by turbidimetry. Ammonium was 120.5 mg kg -1 .
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For enrichment, approximately 0.5 g of paddy soil was transferred to 100 ml of into medium if necessary. The pH was adjusted to 8.0. coupled to anaerobic ammonium oxidation, was sub-inoculated onto Acidovorax 4 9 7 complete agar medium under 5% CO 2 atmosphere. Single colony was selected and freshwater mineral medium (data not shown) 51 . Finally, the purity of GX3-BWBA 5 0 5
was confirmed by deep Illumina sequencing.
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This study was performed using a series of experiments, for Sammox by the sampled at the 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 34 day. Experiments were Genome sequencing and assembly
The genome of R. thioammoniphilus (strain GX3-BWBA) was sequenced using
an Illumina HiSeq 4000 system (Illumina, SanDiego, CA, USA) at the Beijing
Genomics Institute (Shenzhen, China). Genomic DNA was sheared randomly to Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession 5 2 5 QMKS00000000. The version described in this paper is version QMKS01000000.
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Genome Component prediction 5 2 7
Gene prediction was performed on the R. thioammoniphilus genome assembly by tRNA, rRNA and sRNAs recognition made use of tRNAscan-SE 52 , RNAmmer, and
the Rfam database. The tandem repeats annotation was obtained using the Tandem
Repeat Finder (http://tandem.bu.edu/trf/trf.html), and the minisatellite DNA and Genomic Island Suite of Tools (GIST) used for genomic islands analysis Search Tool (PHAST) web server (http://phast.wishartlab.com/) and CRISPR 5 3 7 identification using CRISPRFinder.
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Protein sequences will be downloaded from NCBI, and get sequences in the
taxonomy of species classification information; The sequences using mafft software
for multiple sequence alignment. After comparing the sequences, using Fasttree ggtree package for visualization mapping. The best hit abstracted using Blast alignment tool for function annotation. Seven and cooled as room temperature after washed by He gas (purity=99.999%). Additional trace elemental mixture solutions were filter sterilized or autoclaved individually. Additional sulfur (thiosulfate or sufate) (3.0 mM) and/or ammonium (NH 4 Cl, 1.0 mM)
was added into serum bottle. The mixed solution was termed as Sammox reaction 5 5 7
system.
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The above mentioned stock solutions or aliquots were aseptically added to the 5 5 9
basal medium (l -1 ): trace element solution (2.0 ml), selenite-tungstate solution (0.2 ml),
bicarbonate solution (10.0 ml). Sodium sulfate, thiosulfate (1.0 ml), ammonium organic products.
6 5
This study was performed using a series of experiments: (I) 3.0 mM thiosulfate + General procedure for thiol/thioester promoted Sammox-driven CO 2 fixation.
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A solution of methanethiol was added to Sammox reaction system. The reaction to room temperature before derivatization and gas chromatography-mass spectrometry analysis.
7 7
This study was performed using a series of experiments: (I) 3.0 mM thiosulfate + We design this experimental set to verify if Sammox-driven reductive and allowed to cool to room temperature before derivatization and gas
chromatography-mass spectrometry analysis.
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This study was performed using a series of experiments: (I) 3.0 mM thiosulfate + sulfate + 1.0 mM NH 4 Cl + 20 mM HCO 3 -+ 1.0 mM Fe-S + 1.0 mM pyruvate +
